ABSTRACT Background: Available data have indicated independent direct relations of dietary animal protein and meat to the blood pressure (BP) of individuals. Objective: In this study, we aimed to assess whether BP is associated with the intake of dietary amino acids higher relatively in animal than in vegetable protein (alanine, arginine, aspartic acid, glycine, histidine, lysine, methionine, and threonine). Design: The study was a cross-sectional epidemiologic study that involved 4680 persons aged 40-59 y from 17 random population samples in the People's Republic of China, Japan, the United Kingdom, and the United States. BP was measured 8 times at 4 visits; dietary data (83 nutrients and 18 amino acids) were from four 24-h dietary recalls and two 24-h urine collections. Results: Dietary glycine and alanine (the percentage of total protein intake) were considered singly related directly to BP; with these 2 amino acids together in regression models (from model 1, which was controlled for age, sex, and sample, to model 5, which was controlled for 16 possible confounders), glycine, but not alanine, was significantly related to BP. Estimated average BP differences associated with a 2-SD higher glycine intake (0.71 g/24 h) were 2.0-3.0-mm Hg systolic BP (z = 2.97-4.32) stronger in Western than in East Asian participants. In Westerners, meat was the main dietary source of glycine but not in East Asians (Chinese: grains/ flour and rice/noodles; Japanese: fish/shellfish and rice/noodles). Conclusion: Dietary glycine may have an independent adverse effect on BP, which possibly contributes to direct relations of animal protein and meat to BP.
INTRODUCTION
Available data have indicated that animal protein and particularly red meat intake relate directly to blood pressure (BP) 6 , whereas vegetable protein intake and vegetarian eating patterns relate inversely to BP (1, 2) . Animal protein and vegetable protein differ in their predominant amino acids. In animal protein, alanine, arginine, aspartic acid, glycine, histidine, lysine, methionine, and threonine predominate (expressed as the percentage of total protein); in vegetable protein, cysteine, glutamic acid, phenylalanine, proline, and serine predominate (1) . The intake of one of these latter 5 amino acids, glutamic acid, had a significant independent inverse relation to BP in analyses on 4680 individuals aged 40-59 y in the population-based International Study on Macro/Micronutrients and Blood Pressure (INTERMAP) (3) . The INTERMAP hypothesized that a higher intake of one or more amino acids predominant in animal protein is associated with higher BP.
SUBJECTS AND METHODS

Basic premises, population samples, field methods
Basic INTERMAP scientific and methodologic premises are as follows: multiple nutrients have small independent influences on the BP of individuals that, in combination, summate as sizable effects (4) , and to detect the effect of single nutrients on the BP of individuals, standardized high-quality data are needed of large population samples. Accordingly, INTERMAP surveyed 4680 men and women aged 40-59 y from 17 population samples in Japan (4 samples), the People's Republic of China (3 samples), the United Kingdom (2 samples), and the United States (8 samples) (4) . Participants were randomly selected from population lists arrayed into 4 age and sex strata. Each participant attended 4 visits; visits 1 and 2 were on consecutive days, and visits 3 and 4 were on consecutive days an average of 3 wk later. BP was measured twice per visit with a random zero sphygmomanometer and averaged. Measurements of height, weight, and data on daily alcohol consumption over the previous 7 d were obtained at 2 visits. Dietary data were collected at each visit by an in-depth multipass 24-h recall (4) (5) (6) . Questionnaire data were obtained on multiple possible confounders. Each participant provided 2 24-h urine collections, which were start and end timed at the research center; measurements included urinary volume, electrolytes, creatinine, and urea (a biomarker of total protein intake) (4, 5, 7) .
Individuals were excluded if they did not attend all 4 visits, their diet data were considered to be incomplete or inaccurate, their 24-h energy intakes were ,2092 kJ/d or .20,920 kJ/d for women or .33,472 kJ/d for men, 2 urine collections were not available, or other data were incomplete or indicated a protocol violation (total 215 people).
Ethics
The study received institutional ethics committee approval at each site; all participants gave written informed consent.
Statistical methods
Food data of individuals were converted into nutrients (83 nutrients and 18 amino acids) with the use of country-specific tables on the nutrient composition of foods, which were standardized across countries by the Nutrition Coordinating Center, University of Minnesota (4-6). For nutrients that supplied energy, the intake was calculated as the percentage of total energy; for others nutrients, the intake was calculated per 1000 kJ and also as amounts per 24 h; in addition, amino acid intake was also calculated as the percentage of total protein. Urinary values per 24 h were calculated as urinary concentrations multiplied by volumes standardized to 24 h. Measurements per person were averaged for BP and nutrients across the 4 visits and, for urinary excretions, across the 2 collections. For descriptive statistics, means 6 SDs and numbers and percentages were calculated by country and study wide. Reliability, as a measure of possible regression dilution bias (8, 9) for amino acid and BP variables, was estimated as observed univariate regression coefficient expressed as a percentage of the theoretical true coefficient from the formula:
The ratio was the intraindividual variance:interindividual variance calculated from means of the first and second 2 visits to account for higher correlations between values on consecutive days (9) (10) (11) (12) .
To identify possible confounders, associations between nutrients were explored by using a partial correlation adjusted for the population sample, age, and sex, pooled across countries, and weighted by sample size. A multiple linear regression was used to examine relations of each of the dietary amino acids (g/d, percentage of kJ, and percentage of total protein) to systolic blood pressure (SBP) and diastolic blood pressure (DBP). Adjustment for confounders was done sequentially with 9 models (3-15 covariates) ( Table 1) without and with height and weight (1-4). These latter 2 variables, considered together, are often associated with sizable reductions in the strength of nutrient-BP relations when included in multiple linear regression analyses (1, 8, 12) . This incidence is probably related to their high-order temporal stability, the great accuracy of their measurement, and their frequent correlation with nutrient intakes and BP (ie, their being actual confounders). Hence, it is relevant to evaluate nutrient-BP relations without and with control for them.
Regression models were fitted by country and coefficients pooled across countries, which were weighted by the inverse of variance, to estimate overall associations. The cross-country heterogeneity of coefficients was tested by using the chi-square test; interactions were assessed for age and sex. Departures from linearity were tested with quadratic terms. Regression coefficients were expressed as millimeters of mercury for 2-SD difference in amino acid intake (4 within-country SDs pooled and weighted by sample size). Statistical significance is presented as z values; equivalent P values are footnoted. Sensitivity analyses included censored normal regression to adjust for a potential antihypertensive treatment bias (13) . Adjusted mean SBP and DBP by country-specific quartiles of each amino acid (percentage of total protein) were calculated by using ANOVA and plotted.
Analyses were conducted with SAS version 9.1 software (SAS Institute Inc).
RESULTS
Descriptive statistics
See Table S1 under "Supplemental data" in the online issue for country-specific characteristics of participants. With animal protein intake much lower for Chinese participants than for others, absolute Chinese intakes of amino acids predominant in animal protein were correspondingly lower. As grams per day and percentage of kilojoules, average values tended to be similar for persons from Japan, the United Kingdom, and the Unites States. For the percentage of total protein, intakes were similar across the 4 countries.
Univariate estimates of the reliability of intakes of 8 amino acids were generally similar, w50-65% of the theoretical coefficient (see Table S2 under "Supplemental data" in the online issue), similar for men and women, and with a tendency for higher reliability estimates for Chinese than for people from the other countries. BP-reliability estimates were high in the range of 91-92% for SBP and 90-93% for DBP across the countries and high for all sex and country subgroups.
Partial correlations
As the percentage of total protein, partial correlations with each other of pairs of the 8 amino acids predominant in animal protein were positive (range: 0.10-0.83) and direct also with animal protein and red meat (see Table S3 under "Supplemental DIETARY GLYCINE AND BLOOD PRESSURE data" in the online issue). Their correlations were mostly inverse with the 5 amino acids predominant in vegetable protein, and inverse also with total carbohydrate, sugars, starch, and fiber. Their correlations were mostly low-order with dietary lipids, minerals, urinary electrolytes, weight, and BMI. As grams per day or the percentage of kilojoules, partial correlations were of a high order ($0.86) for pairs of these amino acids (see Tables  S4 and S5 under "Supplemental data" in the online issue).
Multiple linear regression analyses: individual amino acids and BP
Glycine
There was a consistent positive robust glycine-BP relation, which tended to be strongest with glycine expressed as the percentage of total protein (Table 1 ). This relation prevailed in all multivariate models, including those with glycine expressed as the percentage of total protein, grams per day, and percentage of kilojoules, with control for dietary protein (animal, vegetable, and total), glutamic acid, and meat. With glycine intake higher by 2 SDs (0.89% of total protein), the average SBP was higher by 2.8 mm Hg in multivariate model 5a without control for weight and height and 1.9 mm Hg with control for these variables; across all multivariate models (models 4 to 5j), the average SBP was higher by 1.8-3.4 mm Hg (z = 3.50-7.02), and the average DBP was higher by 0.7-1.8 mm Hg (z = 2.06-5.34).
Tests for age and sex interactions and nonlinearity yielded nonsignificant results (see Table S6 under "Supplemental data" in the online issue). Some cross-country heterogeneity tests were significant (Table 1) , which was attributable to the Japanese data (ie, a low-order, nonsignificant, inverse relation of glycine to BP) (see Table S7 under "Supplemental data" in the online issue). Despite no significant interaction terms, the direct relation of glycine to DBP was larger for women than men and larger at ages 50-59 than 40-49 y ( Table 2) .
Alanine
There was a significant independent positive relation of dietary alanine (percentage of total protein) to BP ( Table 3) . Tests for age and sex interactions and nonlinearity were nonsignificant (see Table S6 under "Supplemental data" in the online issue); cross-country heterogeneity was recorded for several models, which was attributable to inverse relations of alanine to BP for Japanese and Chinese participants (see Table S8 under "Supplemental data" in the online issue).
Arginine, aspartic acid, histidine, lysine, methionine, and threonine These amino acids were not consistently, significantly related to BP (see Tables S9-S14 under "Supplemental data" in the online issue).
Multiple regression analyses: glycine and alanine paired, glycine paired with each of the other amino acids, and glycine plus all 7 other amino acids
Glycine plus alanine
With dietary glycine and alanine (percentage of total protein) together in multivariate models, the glycine-SBP relation remained significantly positive (Figure 1, Table 4 ), the alanine-BP relation was inverse, low-order, and nonsignificant (Table 4) . The glycine-BP relation again prevailed in models controlled also for protein (animal, vegetable, and total) and meat. Although there was no significant cross-country heterogeneity, the glycine-BP relation was stronger for Western persons (see Tables S15 and  S16 under "Supplemental data" in the online issue).
Glycine paired with each of the other 6 amino acids
Findings were similar to the foregoing for glycine (the percentage of total protein) paired with each of the other 6 amino acids predominant in animal protein (see Tables S15 and S16 under "Supplemental data" in the online issue).
Glycine with all 7 other amino acids
With glycine and all 7 other amino acids predominant in animal protein in the same model (model 4, see Table S15 and S16 under "Supplemental data" in the online issue), glycine remained significantly related to BP, with SBP differences of +3.9 and +2.8 mm Hg without and with height and weight in the model, respectively. Again, the glycine-SBP relation (but not the glycine-DBP relation) was stronger for Western than for East Asian participants but significant for Westerners only (see Tables S15 and S16 under "Supplemental data" in the online issue). Of the 7 other amino acids in the model, aspartic acid (percentage of total protein) was also related significantly to BP, with SBP differences of +2.2 and +2.6 mm Hg for a 2-SD higher aspartic acid intake (without and with height and weight in the model, respectively) (see Tables S15 and S16 under "Supplemental data" in the online issue).
Glycine with glutamic acid
Because of previous analyses that showed that dietary glutamic acid (ie, the most common amino acid, especially in vegetable products) was related inversely to BP (3), multivariate models on the dietary glycine-BP relation also encompassed glutamic acid as a covariate. Again, with glycine expressed either as the percentage of total protein or percentage of total kilojoules, the overall glycine-BP relation remained strong and significant as did the glutamic acid-BP relation expressed as the percentage of kilojoules; however, the glutamic acid-BP relation expressed as the percentage of total protein became of low order and nonsignificant (see Table S17 under "Supplemental data" in the online issue). Both relations (ie, glycine-BP and glutamic acid-BP relations), tended to be stronger for Westerners than East Asians.
Multiple regression analyses: glycine and the direct relation of dietary animal protein and red meat to BP Dietary glycine (percentage of total protein) had a substantial influence on the direct relation of dietary animal protein and red meat to SBP and DBP. Thus, in model 4 (without weight and height), the estimated effect on SBP of red meat intake higher by 2 SDs was +1.6 mm Hg without glycine in the model and was reduced to 0.4 mm Hg with the addition to the model of glycine (percentage of total protein) (corresponding regression coefficients for red meat were 0.0353 and 0.0092 with z scores of 3.4 and 0.8) (data not tabulated).
DIETARY GLYCINE AND BLOOD PRESSURE
Food sources of glycine
Food sources of glycine varied across East Asian and Western samples ( Table 5) ; for UK and US participants, meat was the predominant source; Japanese and Chinese participants ingested a small percentage of their glycine from meat; for Japanese, fish and shellfish were the largest source, and pasta, rice, and noodles were the second large source; for Chinese, grains and flour were the largest source, and pasta, rice, and noodles were the second large source. 1 Models 5a-5j were controlled for sample, age, sex, special diet (yes or no), supplement intake (yes or no), cardiovascular disease or diabetes diagnosis (yes or no), physical activity (medium plus heavy; h/d), family history of high blood pressure (yes, no, or unknown), urinary sodium and urinary potassium (mmol/24-h), 14-d alcohol (g/d), cholesterol (mg/ 1000 kJ), total SFA and total PUFA (percentage of kJ), and each stipulated nutrient (expressed per 1000 kJ or as the percentage of kJ). Two-SD higher glycine intake was 0.89% for the percentage of total protein, 2.39 for g/d, and 0.31% for the percentage of total kilocalories. z value = regression coefficient O SE; z value $1.96: uncorrected P # 0.05; z value $2.58: uncorrected P # 0.01; z value $3.29: uncorrected P # 0.001. 2 Test for cross-country heterogeneity was significant, P , 0.05 
DISCUSSION
The main finding in this study on relations to BP of 8 dietary amino acids predominant in animal protein was that there was a robust, consistent, independent direct relation to BP of dietary glycine expressed as the percentage of total protein and percentage of kilojoules and as the absolute amount as grams per day. Glycine accounted substantially for the direct relation to BP of meat and animal protein; results were stronger for Western than East Asian participants; meat was the main dietary source of glycine for Westerners but not for East Asians.
These findings complemented those from our previous INTERMAP report on the inverse relation to BP of dietary glutamic acid, which is the amino acid predominant in vegetable protein; and those in our INTERMAP publications on the inverse relation to BP of vegetable protein intake and direct relation to BP of animal protein and red meat intakes (1-3) .
To the best of our knowledge, this is the first article on relations to BP of dietary amino acids predominant in animal protein. In the Dietary Approaches to Stop Hypertension and the Optimal Macronutrient Intake Trial to Prevent Heart Disease feeding trials, the total protein intake, particularly of vegetable and dairy protein, was increased as part of several dietary interventions that together lowered BP; a modest reduction in meat consumption may have contributed to this outcome; the multiple nutritional modifications in these trials make it impossible to delineate separate BP effects of the change in intake of individual nutrients (14) (15) (16) . Earlier literature that reported lower BP in vegetarian than omnivorous populations did not deal with specific nutrients; more-recent articles from observational studies and clinical trials have not reported on the amino acids considered here (1). In a metabolome-wide analysis of INTERMAP urine specimens, urinary alanine concentrations differed significantly between countries; the multiple regression of urinary alanine excretion on BP revealed a significant positive association (17) . In 3 East Asian studies (18) (19) (20) , inverse relations were reported to SBP of the urinary ratio of sulfate to urea (index of dietary sulfurcontaining amino acids from animal protein) and also of serum phenylalanine and serine and overnight urinary cysteine and 24-h urinary 3-methylhistidine (a marker of animal protein intake). These articles reported no dietary BP data.
It remains to be determined whether the observed direct relation between dietary glycine and BP is reproducible. Limited experimental data indicated an inverse (not direct) effect in sugarfed rats (21) and the offspring of rats given a glycine supplement for the duration of pregnancy (22) . Biological mechanisms for the direct association we observed are not currently forthcoming; possible mechanisms cited for the inverse effect in experimental models included evidence that glycine may reduce oxidative stress and increase the availability of nitric oxide and other agents that modulate vascular tone or endothelial function (23) .
The glycine-BP relation was generally stronger with glycine expressed as the percentage of total protein than as grams per day or the percentage of kilojoules. This effect may have been because glycine as the percentage of total protein correlated less strongly with other variables, which may have possibly confounded analyses than when glycine was expressed otherwise.
The bias toward the null for exposure-BP associations induced by reduced BPs of treated hypertensive participants is a concern for all studies that involve such individuals (12, 13) . Glycine-BP associations were quantitatively similar in main analyses and models adjusted for the antihypertensive treatment effect.
Limitations of our findings included their cross-sectional nature, but they were the only population-based data available; an effect-size underestimation because of the limited reliability in nutrient measurements (a regression-dilution bias), despite multiple, standardized, high-quality measurements; the ability to control only partially (albeit considerably) for high-order FIGURE 1. Mean (95% CI) systolic blood pressure (mm Hg) (A) and diastolic blood pressure (mm Hg) (B) by quartiles of dietary glycine intake (percentage of total protein) on the basis of country-specific quartiles [country-specific quartile cutoffs for dietary glycine intake (percentage of total protein) were as follows: for Japan, 4.07 (25th percentile), 4.24 (50th percentile), and 4.88 (75th percentile); for People's Republic of China, 3.89, 4.13, and 4.68, respectively; for the United Kingdom, 3.82, 4.02, and 4.28, respectively; and for the United States, 3.89, 4.20, and 4.51, respectively], pooled across countries, and adjusted for model 4 covariates and dietary alanine [adjusted for country, age, sex, special diet, supplement intake, cardiovascular disease or diabetes diagnosis, physical activity, family history of high blood pressure, 24-h urinary sodium and potassium, 14-d alcohol, cholesterol, total SFA, total PUFA, magnesium, and alanine (see Table 1 footnote 1 for units)] for all 4680 participants. P-trend for A = 0.01; P-trend for B = 0.02. collinearity in dietary variables, which was less of a problem in analyses with amino acids expressed as a percentage of total dietary protein than when expressed otherwise; the uncertainty as to generalizability to persons ,40 and .59 y of age; and the apparent small effect size. The last limitation, which was anticipated by the INTERMAP (4), must be kept in perspective; with small independent influences of multiple nutrients (as observed in the INTERMAP) (1-3, 24-29) combined effects become substantial (ie, improved nutrition is capable of preventing or reducing unfavorable BP levels for most people, per findings of the Dietary Approaches to Stop Hypertension and the Optimal Macronutrient Intake Trial to Prevent Heart Disease feeding trials) (14) (15) (16) . Also, long-term BP effects of habitual eating patterns, from infancy into older age, may be greater as has been indicated by data on salt intake and BP (30) . Moreover, a small reduction of the population average SBP (eg, 2 mm Hg) was estimated to result in mortality rates lower by 6% for stroke and 4% for coronary heart disease (30, 31) . Finally, eating patterns that are based mainly on foods with predominantly vegetable (not animal) protein, which are lower in glycine, higher in glutamic acid, v-3 and v-6 PUFAs, calcium, magnesium, phosphorus, iron, and other micronutrients, and low or moderate in fats, saturated 1 Model 4 was controlled for sample, age, sex, special diet (yes or no), supplement intake (yes or no), cardiovascular disease or diabetes diagnosis (yes or no), physical activity (medium plus heavy; h/d), family history of high blood pressure (yes, no, or unknown), urinary sodium and urinary potassium (mmol/24 h), 14-d alcohol (g/d), cholesterol (mg/1000 kJ), and total SFA and total PUFA (percentage of kJ). Models 5a-5j were controlled as for model 4 and for each stipulated nutrient (expressed per 1000 kJ or as the percentage of kJ). Two-SD higher glycine intake was 0.89% for the percentage of total protein, 2.39 for g/d, and 0.31% for the percentage of total kilocalories. Two-SD higher alanine intake was 0.85% for the percentage of total protein, 2.62 for g/d, and 0.34% for the percentage of total kilocalories. z value = regression coefficient O SE; z value $1.96: uncorrected P # 0.05; z value $2.58: uncorrected P # 0.01; z value $3.29: uncorrected P # 0.001. No significant cross-country heterogeneity was detected, P , 0.05. fats, cholesterol, refined sugars, caloric density, salt, and alcohol, have multiple favorable influences on BP, serum lipids, cardiovascular disease risk, and general health.
In conclusion, we recorded an independent direct relation of dietary glycine to BP with control for multiple possible confounders. Glycine may account, at least in part, for previously reported direct relations of animal protein intake and meat to BP. 
